Abstract
Introduction
Valid information on forest resources and characteristics is essential for the planning forest use and management. Intensive field inventories for collecting stand-level information are expensive and time-consuming. However, recent progress made in remote sensing technology, e.g., the better availability of higher-resolution satellite images, offers an opportunity to acquire the necessary information at lower costs and in a reasonably short time.
Numerical interpretation of remote sensing material at the stand level includes the extraction of stand-level features and their use for defining variables in models that predict the stand attributes of interest. There have been several studies concerning the estimation of forest stand characteristics from
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Using Spectral Histograms Derived from an Ikonos Satellite Image Jussi Peuhkurinen, Matti Maltamo, Lauri Vesa, and Petteri Packalén remote sensing material of different kinds in recent decades the most commonly used approaches being regression models (e.g., Hyyppä et al., 2000; Naesset, 2004; Kayitare et al., 2006) and non-parametric methods (e.g., Holmgren et al., 2000; Muinonen et al., 2001; Anttila, 2002) . Non-parametric methods do not rely on the estimation of parameters (such as the mean or the standard deviation) describing the distribution of the variable of interest in the population. Using medium resolution (pixel size 10 to 30 meters) satellite imagery's spectral information, the estimation accuracies of stand level forest characteristics achieved in boreal conditions have not been in sufficient level for forest planning purposes. The standard errors of volume estimates have varied from 36 percent (Holmgren et al., 2000) to 56 percent (Hyyppä et al., 2000) . Basal area estimates' accuracies have been from 24 percent (Holmgren et al., 2000) to 47 percent (Hyyppä et al., 2000) and those for the mean tree height 36 to 39 percent (Hyyppä et al., 2000) . Holmgren et al. (2000) used the non-parametric k-nearest neighbor (K-NN) method whereas Hyyppä et al. (2000) utilized multiple regression and neural networks.
Digitized aerial photographs have been widely studied in forest stand characteristics prediction (e.g., Muinonen et al., 2001; Anttila, 2002; Couteron et al., 2005) . Muinonen et al. (2001) used the k-most similar neighbor (K-MSN) method to estimate mean forest stand volumes from a scanned aerial photograph. They achieved RMSE of 25 percent using only spectral information and 18 percent using additional textural information. Anttila (2002) used the same method with a larger dataset that contained several aerial photographs. He reported the RMSE of mean volume 37 percent as its best. Using only spectral information the RMSE was slightly worse (39 percent). Couteron et al. (2005) used two-dimensional Fourier analysis for obtaining characterization of canopy texture in tropical forests. The used remote sensing material was black and white aerial photographs with one-meter pixel size, which can be considered very similar to Ikonos panchromatic imagery. They reported significant correlations between the obtained canopy structure index and tree density, diameter of the tree of mean basal area, and mean canopy height.
The use of Ikonos imagery in forest characteristics estimation has been studied using textural features (Franklin et al., 2001; Kayitakire et al., 2006) , joined use of spectral and textural features (Astola et al., 2004) and spectral features with spatial variables (Chubey et al., 2006) . Franklin et al. (2001) reported that it was possible to discriminate Douglas-fir stands of different age classes using first-and second-order texture values. Astola et al. (2004) used Ikonos multispectral and panchromatic imagery to estimate the forest variables using automatic segmentation and unsupervised clustering. The estimates were produced as weighted sums of the input sample class probabilities. The RMSE for the total stem volume was 39 percent when using only spectral features and 37 percent with additional texture information. Kayitakire et al. (2006) applied panchromatic Ikonos imagery in estimation of forest stand variables for homogenous Norway spruce stands using texture features and linear regression. They achieved relative errors of 10 percent and 16 percent for top height and basal area, respectively. Chubey et al. (2006) applied decision trees in identifying relationships between the image object metrics extracted from the Ikonos multispectral and panchromatic images and forest inventory parameters. The classification results were at their best when different combinations of spectral and spatial properties of the image objects were used.
Non-parametric estimation methods like K-NN and K-MSN have found to be effective in retrieving forest stand variables from both aerial and medium resolution satellite imageries (e.g., Holmgren et al., 2000; Muinonen et al., 2001) . However, these methods have not been tested with the Very High Resolution (VHR) satellite data. Although textural features extracted from the Ikonos panchromatic imagery have proved to contain information from the forest structure, the multispectral imagery's main information is probably included in the spectral features.
The principal aims of the work reported here was to examine the potential of Ikonos satellite images for use in estimating forest stand characteristics by the K-MSN method based on spectral features derived from standwise spectral histograms. The forest stand characteristics to be estimated were mean total stem volume, basal area, and mean height. A second aim of this paper was to investigate the usability of the parameters of the two-parametric Weibull distribution derived from the standwise spectral histograms for estimating forest stand characteristics.
Material
The Test Area The test area located in Lieksa, Eastern Finland (about 30°80ЈE, 63°10ЈN) included parts of the Patvinsuo National Park and the surrounding unprotected forestland, which is managed by the Finnish Forest and Park Service. The national park was established in 1982 and is the largest contiguous wilderness area in southern Finland, with a total area of 100 km 2 (Suomen kansallispuistot, 1994) . The dominant tree species on the forested land is Scots pine (Pinus Sylvestris L.), but Norway spruce (Picea abies (L.) Karst) and broad-leaved species, mainly birch (Betula pubescens Ehrh. and Betula pendula Roth.) are also abundant. The forest stands in the area vary from young, homogenous managed stands to over-mature, heterogeneous stands that have been unmanaged for several decades. The stand structure is similar in the Patvinsuo National Park and in the surrounding areas, however.
Field Data
The field data as a whole consisted of 471 forest stands assessed by staff of the Finnish Forest and Park Service. The stand register data was collected using conventional compartment-wise forest inventory carried out in Finland (e.g., Haara, 2003) . Because of the subjective method employed in this inventory (e.g., Laasasenaho and Päivinen, 1986 ) a total of 91 stands were chosen as test data and tallied again systematic plot sampling during the year 2002 in order to obtain more reliable stand data. The selection of the test stands was done with stratified sampling based on main tree species and development class information of the stands extracted from the database of the Finnish Forest and Park Service. The reference data (380 stands) included the rest of the non-sapling forest stands of the study area, which were inventoried in 2000 to 2002. Information on stand boundaries and peatland and land-use classes for the reference and test stands was extracted from the database of the Finnish Forest and Park Service.
The test stands were distributed into peatland classes, with 68 stands located on heathland, 16 on spruce mires and seven on pine bogs. A total of 47 stands were located inside the Patvinsuo National Park and 44 in managed forests outside the park. The characteristics of the test stands are described in the Table 1 . The distribution of reference stands by peatland classes was that 336 stands were located on heathland, 26 on spruce mires, and 18 on pine bogs. The characteristics of the reference stands are described in Table 2 ; 303 of the reference stands are inside the Patvinsuo National Park and 77 in the managed forests.
Satellite Data
The satellite data consisted of two adjacent partially overlapping Ikonos multispectral four-band images with four-meter spatial resolution and two panchromatic images with Table 3 .
The images were processed further to achieve adequate geometric and radiometric accuracy and the correct format for further analysis. The processing included rectification of the images, calibration, and mosaicing of adjacent images and rescaling. The images were rectified to the map coordinate system by means of ground control points assembled using differential GPS. The radiometric calibration of adjacent images was carried out by the robust regression method, so that each band was calibrated separately (see Tokola et al., 1999) . The calibrated images were mosaiced to one multispectral image and one panchromatic image. The original radiometric resolution of the Ikonos satellite image is in 11-bits, but as the further analysis required the use of 8-bit data, the merged images were rescaled between 0 and 255 by the method based on standard deviations using following algorithm:
( 1) where DN out ϭ value of the pixel after rescaling, DN in ϭ original value of the pixel, Min out ϭ minimum value of the output raster, Max out ϭ maximum value of the output raster, Mean(DN in ) ϭ mean value of the input raster, SD(DN in ) ϭ standard deviation of the input raster, and NTDSD ϭ number of the standard deviations. The algorithm forces the fringe areas to minimum or maximum and DN out ϭ Min out ϩ does not take them into account in adjusting the range of scale. The rescaling was performed using two as the number of standard deviations. The majority of the spectral histogram values were within this range and the isolated minimum or maximum values did not wider the range of scale.
Methods Extraction of Standwise Spectral Histograms
Standwise spectral histograms were extracted for each band separately. Due to the possible errors in the subjective delineation of the stand boundaries (see Naesset, 1999) and possible geometric incompatibilities between the satellite images and stand boundaries, a ten meter inward buffer was used and only the pixels inside the compartment polygon (limited by the buffer zone) were selected for further analysis.
Estimation of Standwise Spectral Features
The standwise spectral features used in the estimation were medians, standard deviations and the parameters of the two-parametric Weibull distribution derived from standwise spectral histograms for each band separately. The two-parametric Weibull distribution density function is as follows: (2) where b ϭ scale parameter and c ϭ shape parameter (or slope) (Bailey and Dell, 1973) . In this case, variable x denotes spectral histogram values. A change in the scale parameter has the same effect on the distribution as a change in the abscissa scale. The scale parameter is highly correlated with the median value of the distribution while the shape parameter specifies the skewness or slope of the distribution. The parameters of the Weibull distributions were estimated by the maximum likelihood method (see e.g., Silvey, 1975) .
Estimation of Stand Characteristics
The stand characteristics were estimated by the k-most similar neighbors (K-MSN) method which is based on finding K-MSN observations using indicator attributes (in this case spectral features) and using these to calculate distanceweighted means for the design attributes (in this case mean total stem volume, basal area and mean height). The K-MSN observations are identified by means of the approach presented by Moeur and Stage (1995) . 
The K-MSN method is related to the K-NN method but it differs in the way how the distance to the neighbors is measured. The MSN similarity function derived from canonical correlation analysis (Moeur and Stage, 1995) is as follows:
where D 2 uj ϭ squared distance between observations u and j, X u ϭ indicator variable of observation u, X j ϭ indicator variable of observation j, ⌫ ϭ matrix of canonical coefficients of indicator variables (pxs), ⌳ 2 ϭ diagonal matrix of squared canonical correlations (sxs), s ϭ number of canonical correlations used, p ϭ number of indicator attributes, and u, j ϭ observations. The weighting matrix in the MSN similarity function, (Moeur and Stage, 1995 ) is given by:
The k-most similar observations are identified by sorting the distances and finding the k minimum values (Muinonen et al., 2001 ) taking each test stand as target stand (j). The weight w uj of a reference stand (u) belonging to the set of k-most similar observations for stand j was then (Muinonen et al., 2001) : (5) where D 2 uj ϭ similarity measure from Equation 3. Using the weights w uj in Equation 5, the estimate for forest stand characteristic y in stand j ( j ) (Muinonen et al., 2001 ) is given by: (6) The advantage of the MSN method is that it retains the full range of variability of the data and preserves the covariance among the estimates for the multivariate design attributes (Moeur and Stage, 1995) . However, if more than one neighbor is averaged and used to estimate the values of design attributes, some combinations of estimates may occur that do not exist in real world. Also, the variance in the estimates declines as more neighbors are averaged (LeMay and Temesgen, 2005) .
The design attributes were estimated simultaneously in order to preserve the covariance structure. To examine the effect of different indicator attributes and find the most effective combinations, 22 feature sets were formulated so that it was possible to compare which bands and features were the most informative ones in the estimation procedure. The effect of k was examined by varying the number of neighbors from 1 to 10.
The accuracies of the estimates for the stand characteristics were measured by RMSE, in which each forest stand was given equal weight: (7) where n ϭ number of forest stands, y i ϭ the measured (correct) value of stand variable y of stand i, and i ϭ the estimated value of stand variable y of stand i. Relative RMSEs were calculated by dividing the absolute RMSEs by the true mean of the stand characteristic under consideration. The biases of the stand characteristic estimates were calculated as:
Results
Since the standwise spectral histograms were unimodal, use of the two-parameter Weibull distribution was justified. Visual examination suggests that the estimated Weibull distributions seem to fit well with the extracted spectral histograms (Figure 1 ). The accuracies of the estimates improved significantly when the number of most similar neighbors was increased from 1 to 3 after which they remained quite stable (Figure 2) . The lowest RMSEs were achieved using 4 to 10 neighbors; the most accurate results on average being achieved using a k value of 10. The lowest RMSEs were 31.3 percent (52.2 m 3 /ha, feature set number 3) for mean total stem volume, 25.3 percent (5.6 m 2 /ha, feature set number 5) for basal area, and 20.6 percent (3.1 m, feature set number 9) for mean tree height. The main results achieved using the value of k that gave the minimum RMSE are given in Table 4 .
The biases of the mean total stem volume estimates started to increase after 3 most similar neighbors but those
1338 of the basal area and mean tree height remained stable despite changes in k (Figure 3 ). The mean volume estimates were overestimations in most of the stands. For example when using feature set 4, which gave on the average comparable good results, about in one fourth of the stands the overestimation of the mean volume was more than 50 m 2 /ha (Figure 4 ). Using the same feature set, only in less than 10 percent of the stands the estimation error was over 50 m 2 /ha underestimation. The biases occurred mainly due to differences between the reference and test stands and different field data collection methods. According to the systematic plot sampling data the average biases of the compartment-wise forest inventory in the study area were 10 m 3 /ha overestimation, 3 m 2 /ha underestimation, and one-meter overestimation for mean total volume, basal area, and mean tree height, respectively. Reference stands were on average of greater volume, but the volume range of the reference stands was supposed to be extensive enough to encompass the whole variation of test stands' volume range.
On average, the use of all the multispectral bands (excluding PAN) band or the panchromatic image alone. The parameters of the Weibull distribution were slightly more informative than medians with respect to the average results but the standard deviations were considerably less powerful as indicator attributes than the medians or the parameters of the Weibull distribution. The use of ancillary map information did not improve the accuracy.
Discussion
The first commercial VHR earth observation satellite, Ikonos, started operation in 1999 and was soon followed by two other VHR satellites, QuickBird-2 and OrbView-3. Several even more accurate VHR satellites are planned to enter service in the near future. VHR instruments provide images in which the spatial resolution approaches that of aerial images but other characteristics are congruent with those of traditional satellite images. It is therefore justified to compare VHR images as a data sources with both aerial photographs and other satellite imagery systems. The most obvious difference between VHR images such as Ikonos and traditional satellite images such as Landsat is the spatial resolution achieved, which means that VHR data may be used on a much finer scale than Landsat or other coarser-resolution systems. It is not obvious, however, that the use of VHR data alone with the same interpretation methods as previously will increase the accuracy of interpretation.
The minor bi-directional reflectance effect (BRDF) is one advantage of VHR data over aerial photographs. In aerial photographs, the BRDF effect can be perceived as a variation of brightness arising from the fact that the tree crowns in the direction of incoming radiation have their shady sides towards the camera and those in the opposite direction have their illuminated sides exposed. Due to the considerably higher capturing altitude (approximately 680 km), BRDF is not a major issue in VHR data, i.e., the illumination within a scene is more even. There are still many applications, however, for which the spatial resolution of VHR images is not sufficient.
The estimation accuracies presented here were better than those achieved using satellite images of lower spatial resolution (Holmgren et al., 2000; Hyyppä et al., 2000) . Correspondingly, studies based on aerial photographs without ancillary data have produced higher RMSEs (Anttila, 2002; Hyyppä et al., 2000) , with the exception of the work of Muinonen et al. (2001) . Furthermore, the RMSE for mean volume obtained here was lower than that reported by Astola et al. (2004) , who used similar Ikonos material in different method of estimation. On the contrary, Kayitakire et al. (2006) reported notably better results using texture information extracted from panchromatic Ikonos imagery, although the test data they used was limited to homogenous Norway spruce stands. However, other studies also mentioned here have shown that the use of texture improves the estimation accuracy of forest stand variables. Texture features can be implemented in MSN analysis as indicator variables, which probably would have improved the estimation results also in the present study.
As a conclusion, it can be said that the accuracy achieved here was comparable to or even better than that reported in previous studies based on optical remote sensing imagery. It was nevertheless considerably worse than those recorded using airborne laser scanning (lidar) (e.g., Naesset et al., 2004) . This difference is of great importance since the error tolerance of stand volume predictions in practical forest inventories conducted by compartments in Finland, for example, is about 20 to 25 percent, a level which could not be attained using the present material, although it can easily be achieved with lidar.
Lidar uses an entirely different principle from that of spectral instruments; it measures the heights of laser hits, which have proved to be very closely correlated with forest characteristics such as mean volume, mean height, or basal area. Thus, several recent studies have shown the suitability of lidar for forest inventory purposes (e.g., Naesset et al., 2004) . On the other hand, it does not provide sufficient information about tree species. One interesting possibility would be to combine very high-resolution satellite imagery with lidar information for practical forest inventory purposes. In principle, accurate estimates of the tree stock could be obtained by lidar, whereas tree species information in particular could be derived from Ikonos imagery. As shown here, a non-parametric methodology could be used in this.
